Baseflow index (BFI) prediction in ungauged basins has largely been based on the use of catchment physiographic attributes as dominant variables. In a context where changes in climate are increasingly evident, it is also important to study how the slow component of flow is potentially affected by climate. The aim of this study was to illustrate the impact of climate variability on the baseflow process based on analysis of daily rainfall characteristics and hydrological modelling simulation exercises validated with observed data. Ten catchments were analysed that span southern to northern Europe and range from arid Mediterranean to maritime temperate climate conditions. Additionally, more than 2,000 virtual catchments were modelled that cover an extended gradient of physiographic and climate properties. The relative amounts of baseflow were summarized by the BFI. The catchment slow response delay time (Ks) was assumed to be a measure of catchment effects, and the impact of climate properties was investigated with the dry spell length (d). Well-drained and poorly-drained groups were identified based on Ks and d, and their response to an increase or decrease in dry spell length was analysed. Overall, for either well-or poorly-drained groups, an extension in dry spell length appeared to have minor effects on the baseflow compared with a decrease in dry spell length. Under the same dry spell variation, the BFI vulnerability appeared higher for catchments characterized by large initial d values in combination with poorly-drained systems, but attributing an equal weight to the variations in d both in the case of dry and wet initial conditions, it is in the end concluded that the BFI vulnerability appears higher for systems laying in the transition zone between well-and poorly-drained systems.
2013), the role of climate variables is less clear (Staudinger, Weiler, & Seibert, 2015; Stoelzle, Stahl, Morhard, & Weiler, 2014; Van Loon & Laaha, 2015) . Recent global scale assessments of BFI patterns and the relevant influence of various climate factors have generally focused on average climate characteristics, such as the mean annual precipitation, mean annual potential evapotranspiration, mean annual air temperature, and the intra-annual seasonality of precipitation (Beck et al., 2013; Sawicz et al., 2014) .
A general agreement exists that climate (change or variability) has the potential to substantially alter river flow regimes. A global assessment has been reported in Arnell and Gosling (2013) . At the European scale, a large body of literature provides indications regarding the considerable climate change projections that will impact hydrological systems. As a general trend, high latitude areas of northern Europe appear to face an increase in the number of wet days and thus a decrease in the duration of dry spells. Conversely, southern Europe Mediterranean areas appear to face a decrease in the number of wet days and thus an increase in dry spell duration (Jacob et al., 2014; Pascale, Lucarini, Feng, Porporato, & Hasson, 2016; Rajah et al., 2014) . In a context where changes in climate are increasingly evident, it is important to study how the proportion of the slow component of flow is potentially affected by short-term rainfall properties.
The dry spell length and the catchment delay time, as well as their relative probability distributions, have in the past been considered to be primary descriptive parameters of the catchment hydrological response (Botter, Basso, Rodriguez-Iturbe, & Rinaldo, 2013; Doulatyari et al., 2015; Muller, Dralle, & Thompson, 2014) . For example, Botter et al. (2013) showed how a combination of these descriptors can be used to determine the resilience of erratic and persistent regime systems to climate fluctuations. None of these studies, however, specifically focused on the baseflow component of the hydrograph. Therefore, in this study, we aim to illustrate the impact of climate variability and, in particular, the impact of dry spell duration on the baseflow process, summarized by the BFI index. We do this with a combined data-based and modelling study, investigating the hydrological behaviour of observed and virtual catchments that spanned a broad gradient of climate conditions and catchment properties.
In this study, 2 characteristic timescales were used, the dry spell length and the catchment delay time, to represent the effect of climate and catchment properties, respectively, on the BFI index.
Investigated catchments were grouped into well-drained and poorly-drained systems based on their features. Catchments featured by perennial water resources, the well-drained group, were associated with prevailing slow streamflow components, large BFI values, and long delays or recession times. Catchments with intermittent water resources, the poorly-drained group, were associated with fast prevailing streamflow components, small BFI values, and short delay times.
To understand if both systems were affected by dry spell temporal variation to the same extent, a simulation approach was used where, given the generation of daily rainfall time series characterized by different average dry spell, the total discharge of the investigated catchments was computed in response to the generated rainfall scenarios, and BFIs were extracted by the application of a hydrograph filtering algorithm.
The primary findings of this study will help to elucidate the extent to which catchment properties can mitigate climate fluctuations and to determine which catchment properties are most meaningful for this purpose.
| BFI ASSESSMENT FOR OBSERVED CATCHMENTS

| Data description
Because the current investigation is focused on the impact of dry spell characterization on BFI assessment, the observed catchments were principally selected to provide a broad spectrum of climate conditions covered by a north-south European transect from extremely dry and seasonal types (typically in southern Europe) to temperate and oceanic types (typically in northern Europe). Moreover, because this study was concerned with BFI assessment, catchments were also selected to provide a broad range of BFI values and the correspondingly broad range of catchment delay times.
According to these rules, daily streamflow, rainfall, and temperature data were collated for 10 catchments across Europe from local water agencies or as part of previous studies (Brauer et al., 2011; Van Lanen and Dijksma, 1999; Van Huijgevoort et al., 2011; Mehaiguene, Meddi, Longobardi, & Toumi, 2012; Van Loon and Van Lanen, 2013; Longobardi & Villani, 2013) . The locations of the investigated catchments are indicated in Figure 1 .
Catchment areas vary between 6.5 and 16,500 km 2 , and mean catchment elevation ranges between 165 and 1,060 m a.s.l. The range of average annual precipitation is 347-1,588 mm, with the largest values occurring for a humid region in southern Italy (Longobardi, Buttafuoco, Caloiero, & Coscarelli, 2016) . Climate regime indications are provided with reference to the Köppen-Geiger climate classification (Figure 1 ; Peel, Finlayson, & McMahon, 2007) . A typical mean monthly rainfall distribution is provided in Figure 1 isotopic method calibration would improve the separation between slow and fast components (Lott & Stewart, 2013; Longobardi, Villani, Guida, & Cuomo, 2016) . Among RDFs, the Lyne and Hollick method (Ladson, Brown, Neal, & Nathan, 2013; Lyne & Hollick, 1979) seemed to be the most flexible approach and to have better performance for a wide range of climate conditions and catchment properties (Li et al., 2014; Longobardi, Villani, et al, 2016) . Because of these reasons, the Lyne and Hollick filter was selected for this study as a simple smoothing and separation rule to separate the baseflow from the total streamflow hydrograph. The Lyne and Hollick method acts as a lowpass filter to remove the high-frequency quickflow component of streamflow from the low-frequency baseflow component. The filter equation predicts the quickflowcomponent at a time step t by
subject to the restriction> 0, where α is the filter parameter that affects the degree of attenuation. The baseflow component q b at time step t is the difference between total streamflow q and quickflow:
subject to the restriction q b ≤ q. According to Nathan and McMahon (1990) , the value of the filter that yields the most acceptable results in term of baseflow separation is in the range of 0.9 to 0.95. The filter was passed over the data three times, forward, backward, and forward again, for a larger smoothing effect, as suggested by Nathan and McMahon (1990) .
The result of the assessment is illustrated in Table 1 . The BFI showed a large range for the studied catchments, varying from 20% to 80%. The correlation between the BFI and catchment area (8%), mean annual precipitation (3%), and mean annual run-off (3%) appears not relevant. Although not significant, a larger positive correlation (43%) appeared between BFI and the permeability values reported in Table 1 . Geohydrological soil properties are tightly related to the BFI, and the weak numerical correlation extent found in the current analysis was probably because the permeability values indicated in Table 1 did not account for soil properties and were primarily derived from bedrock type.
| CHARACTERISTIC SCALE IDENTIFICATION
As discussed in Section 1, BFI vulnerability to dry spell length variation was investigated as a function of two characteristic timescales: the catchment delay time "Ks" and the dry spell length "d." The first-scale parameter helps to distinguish between catchments based on catchment characteristics, particularly between poorly-and well-drained catchments. The second-scale parameter helps to distinguish between catchments on the basis of climate characteristics. The mentioned scales were identified by a modelling approach, which was subsequently used to investigate the mutual interaction between climate and catchment properties.
| Daily streamflow modelling
In view of the modelling analysis that will follow, it is particularly interesting and also conceptually important to differentiate the catchments based on their hydrological response times. A high number and broad range of rainfall-run-off models are available for this aim. Popular physically based models were not considered in this study; simple conceptual approaches have instead been preferred, because although minimal in terms of model input and parametrization, they are able to capture catchment behaviour for highly different climate and basin properties. Among the conceptual rainfall-run-off models, the IAHCRES transfer function approach was selected (Jakeman & Hornberger, 1993) . According to a large number of scientific papers, IHACRES appears to be a flexible and versatile model that has been applied to a very broad range of purposes from traditional streamflow prediction (Razavi & Coulibaly, 2013) , water resources management (Alredaisy, 2011) , and water quality studies (Letcher et al., 2002) to reservoir operating rules management (Ahmadi, Haddad, & Loáiciga, 2014) . Studies exploring the role of climate changes and land cover changes on the hydrological response have also applied IHACRES (Aronica & Bonaccorso, 2013; Croke, Merritt, & Jakeman, 2004; Evans & Schreider, 2002 ).
The IHACRES model has six dynamic response characteristics To test the ability of the model to describe the catchment hydrological behaviour under the climate and geology gradient considered in this study, the model was applied to the 10 catchments under investigation, and its performance was measured in terms of the following statistics. Slow flow component delay time (Ks) and slow flow component volumetric throughput coefficient (vs) are illustrated in Table 2 .
Statistics used to measure model performance were the NSE (Nash and Sutcliff Efficiency coefficient), the coefficient of determination (r 2 ), the LNSE (Nash and Sutcliffe Efficiency with logarithmic values), and d (index of agreement; Willmott et al., 1985) . Because the catchment vulnerability to dry spell length variability was quantified in terms of long-term BFI changes, it was important to understand how reasonable the BFI values provided by the modelling approach were. To quantify such a feature, BFI cal , the BFI value obtained by filtering the modelled time series after calibration, and the BFI relative error percentage between the BFI (computed for observed time series) and BFI cal were also estimated. Metrics estimation is provided in Table 2 ). The need to use a specific simulation approach that provided optimal results for the different climate and catchment property conditions was considered and thus appears to be congruent with the selected model.
| Daily rainfall modelling
The characteristic timescale for climate settings is the dry spell d, the period between two consecutive rainfall occurrences. A stochastic point process approach was adopted to describe and assess the characteristic timescale for each of the investigated catchments and for the subsequent generation of daily rainfall series to be used as inputs in the following simulation analysis. The daily rainfall time series were modelled as stochastic Poisson processes with rectangular pulses (PRP; Rodriguez-Iturbe, Cox, & Isham, 1987) . The arrival times of daily rainfall storms were assumed to follow a Poisson process of rate λ such that the dry spells were independently and identically distributed as exponential random variables with mean d = 1/λ days. Rainfall intensity at time t was obtained as the sum of intensities of all overlapping storms that occurred at that time, which could be generated for each storm occurrence marked by the Poisson process. Rainfall intensity had an exponential distribution with parameter μ.
Average d duration for the studied catchments ranged between a minimum of approximately 3 days (HUP-Cfb) and a maximum of approximately 14 days (PLA-Csa) from northern to southern latitudes (Table 3) . Rainfall intensity ranged between approximately 1 mm per day (DJE-Bsk) and 4.36 mm per day (BUS-Csa, Csb), with a relatively lower dependence on a catchment's geographical coordinates (Table 4) .
For the successive simulation analyses, it was important to confirm the suitability of the PRP approach for the case studies. To assess the goodness-of-fit for the studied data, main descriptive statistics (mean, maximum, and standard deviation) for observed and modelled daily rainfall were quantified and are reported in Tables 3 and 4 . Additionally, observed and modelled daily rainfall cumulative distributions were compared with the use of the average absolute percentage error (AAPE), defined as 
where i is the percentile order, F obs,i is the cumulative distribution for observed daily rainfall corresponding to the ith percentile, F mod,i is the cumulative distribution for modelled daily rainfall corresponding to the ith percentile, and n is the number of percentiles. AAPE values are also reported in Tables 3 and 4 .
Overall model performance appears to have been rather satisfactory. The d process, which is of particular interest in the current research, appears to have been well represented. Errors in cumulative distribution fitting were smaller than 10% for half of the catchments and not larger than 25% for the remaining catchments (Table 3) .
Beyond mean values, the maximum values for dry spell length also appeared congruent with the observations (Table 3) . Similar comments hold for the rainfall intensity, with a moderate increase in the goodness-of-fit errors (Table 4) . Figure 3 ). Groups were indeed still noticeable, but they were primarily driven by the BFI value, and poorly-drained catchments lay respectively above and below the threshold of BFI = 0.5. Within each group, although it was more evident for the well-drained group, a more uniform precipitation distribution represented by a small value of d, typical in medium to northern latitude climates, related to larger BFI. As an example, the Platis (PLA) and Hupsel (HUP) difference in BFI assessment previously cited seems to be justified by their relative d values;
the Hupsel catchment was indeed forced by more uniform precipitation occurrences, which made the related hydrological regime more persistent and subsequently yielded a larger BFI value compared with the Platis catchment. The coevolution of climate and geology is not new to the scientific literature (Troch et al., 2015) . Both at plot and regional scales, climate features control soil development and soil properties (Lavee, Imeson, & Sarah, 1998) to the point that climate changes are supposed to affect and induce changes in hydrogeomorphological processes (Lane, 2013) . Catchment delay times are frequently considered as constant parameters and related to catchment properties; however, for a more realistic simulation, particularly of the baseflow time series, concern has been raised about a dependence on the climate regime properties (He, Li, Xie, & Lu, 2016; Longobardi, Villani, et al, 2016) . The dataset used for the current analysis empirically depicts such a relation, although it represents a small sample (Figure 4) . Although rather scattered, a tendency seems to appear in Figure 4 where the larger the d, the smaller the Ks (the less uniform the precipitation regime, the less persistent the hydrological regime). The Hupsel catchment represents an exception to the rule, probably because of the combination of very low permeability and small drainage area.
Soil and geological properties and climate effects on the baseflow properties could be individually considered only to a limited extent Table 1 is characterized by a deterministic catchment response; the hydrological model parameters (Table 2) The unexpected behaviour of some catchments in this analysis can be explained by soil properties. This is, for example, the case of the Sele watershed, SEL, which is among the class of well drained, the only catchment to be significant affected by variation in d (Table 1) , PLA and DJE differed in terms of soil types, which were leptosols and calcisols, respectively. The capacity of leptosols to hold water and contribute to baseflow generation is low, which may have led to the BFI decrease detected by the simulation.
| INFLUENCE OF DRY SPELL DURATION ON BFI IN SIMULATED VIRTUAL CATCHMENTS
To support and further expand the results provided by the analysis of the observed catchments, the hydrological behaviour of a very broad set of virtual catchments was investigated.
The observed catchments selected for the current study covered a broad spectrum of climate conditions, ranging from extremely dry and seasonal climate types to temperate and oceanic climate types.
The catchments also covered a broad range of BFI values and corresponding catchment delay times (tightly related to BFI as shown in Figure 2 ). Assuming that the selected catchments cover the range of hydrological catchment behaviours existing in Europe, the maximum and the minimum values of the PRP and IHACRES model parameters calibrated for the observed catchments were used as the range of model parameters (both PRP + IHACRES) in the synthetic simulation.
These simulations were used to generate synthetic streamflow time series for above 2,000 "virtual catchments" (Table 5 ). The virtual Similarly to what represented for the observed catchments in Figure 7 , Figure 9 illustrates the maximum percentage BFI increase or decrease for the dataset of virtual catchments due to a decrease and an increase in the dry spell length. The results found for the virtual catchments appear congruent with the finding from observed catchments. A 50% decrease in d produces larger effect than a 20% decrease, whereas the effect of a 20% and a 50% increase are similar To further support the results, the BFI vulnerability can be additionally studied in terms of BFI variability, the BFI standard deviation, beyond the maximum percentage increase/decrease. Figure 12 indicates even more clearly how the impact on BFI variability decreases for large d/Ks ratios, thus for the poorly-drained group. In particular, the maximum variability in standardized BFI was approached for a d/Ks values that correspond to the limit of transition between the well-drained and the poorly-drained groups as illustrated for the observed catchments in Figure 5 .
| CONCLUSIONS
In a combined data-based and modelling study, where the hydrological behaviour of observed and virtual catchments was investigated over a broad gradient of climate conditions and catchment properties, we aimed to illustrate the impact of climate variability and, in particular, the impact of dry spell duration on the baseflow process, as summarized by the BFI index.
An index based on the combination of catchment and rainfall properties, d/Ks, the ratio between the dry spell length and the catchment delay time, was used to group catchments into well-and poorly- Although the virtual catchment behaviour enabled the assessment of general patterns of BFI vulnerability, the study of the observed catchments provided a thorough knowledge of the hydrological systems and shed light on the role of specific hydrological parameters, that is, the catchment properties, on BFI assessment.
It is important to stress that the reported effects on the BFI variability produced by the variability in the dry spell length do not represent the impact of climate variations on the full spectrum of the low flow hydrological regime but on only one of the indices to be used to classify the low flow regime. Being a long-term average index, the BFI is probably moderately sensitive to changes towards more-or-less extreme climate conditions, but it is not insensitive, and future research on indices that describe more extreme low flow features could show even more marked results.
